Mesoscale eddies may drive a significant component of cross-shelf transport important in the ecology of shelf ecosystems and adjacent boundary currents. The Leeuwin Current in the eastern Indian Ocean becomes unstable in the austral autumn triggering the formation of eddies. We hypothesized that eddy formation represented the major driver of cross-shelf transport during the autumn. Acoustic Doppler Current Profiler profiles confirmed periodic offshore movement of 2 Sv of shelf waters into the forming eddy from the shelf, carrying a load of organic particles (>0.06 mm). The gap between inflow and outflow then closed, such that the eddy became isolated from further direct input of shelf waters. Drifter tracks supported an anticyclonic surface flow peaking at the eddy perimeter and decreasing in velocity at the eddy center. Oxygen and nutrient profiles suggested rapid remineralization of nitrate mid-depth in the isolated water mass as it rotated, with a total drawdown of oxygen of 3.6 mol m 22 to 350 m. Depletion of oxygen, and release of nitrate, occurred on the timescale of 1 week. We suggest that N supply and N turnover are rapid in this system, such that nitrate is acting primarily as a regenerated nutrient rather than as a source of new nitrogen. We hypothesize that sources of eddy particulate C and N could include particles sourced from coastal primary producers within 500 km such as macrophytes and seagrasses known to produce copious detritus, which is prone to resuspension and offshore transport.
Introduction
Recent work has highlighted the importance of mesoscale eddies (100 km) in driving vertical nutrient fluxes and primary production globally (Chelton et al. 2011) , with important regional hot-spots (Rodriguez et al. 2001; Baltar et al. 2010; Painter et al. 2010) . Such dynamic features can also drive a significant component of cross-shelf transport important in the ecology of coastal ecosystems (Holliday et al. 2012) . Interactions between continental shelf and boundary currents, can induce large-scale cross-shelf water movements (Csanady 1997; Werner and Quinlan 2002) . These interactions involve a range of meanders, eddies, and upwelling features important in driving cross-shelf exchange of nutrients and biota (Heath 1992; Csanady 1997) . The key challenge for investigators has been the integration of process understanding across the very different temporal and spatial scales occurring for shelf and offshore processes (Csanady 1997) .
From the coastal perspective, eddies as drivers of advective loss of shelf water and biota have been described for several boundary current systems, (e.g., Heath 1992; Nakata et al. 2000) . Rapid cross-shelf exchange in the mid-Atlantic Bight results from warm-core eddies (rings) interacting with shelf water at the shelf-slope front (Cowen et al. 1993 ). There, propagation of eddies along the continental shelf induces advection and entrainment of shelf water to eddy peripheries via "streamers" or filaments. Recent investigations of Haida eddies in the Alaska Current also identified the presence of coastal-derived nutrients and modified shelf phytoplankton and zooplankton communities (Myers and Drinkwater 1989; Mackas et al. 2005; Ladd et al. 2009 ). In the south eastern Indian Ocean off Western Australia, the local boundary current the Leeuwin Current (LC) hosts fish populations vulnerable to offshore larval losses (Gaughan 2007; Holliday et al. 2012 ) making cross-shelf transport also a potential loss term for coastal populations.
The shelf and offshore regions of the south eastern Indian Ocean are more oligotrophic than other eastern boundary systems, such that export of moderate concentrations of coastal nutrients has a major impact on offshore foodwebs and productivity (Waite et al. 2007a ). Anticyclonic (warmcore) eddies of the LC can contain coastal diatoms growing well seaward of the shelf break ). Waite et al. (2007a,b) hypothesized that innocula of coastal diatoms and/or their nutrient sources were incorporated during eddy formation, possibly via cross-shelf mixing between shelf and LC waters (Feng et al., 2007) . Paterson et al. (2008) determined that forming eddies on the shelf-break have sufficient concentration of nutrients to drive such blooms as the eddies mature. However, to date no data existed detailed enough to test these hypotheses.
Here, we present a detailed investigation of cross-shelf transport during formation of a large mesoscale eddy in the eastern Indian Ocean. We argue that the eddy itself is the essential mixing crucible for the locally high production documented in warm core eddies off Western Australia, and that the eddy formation process represents the major driver of cross-shelf transport during the autumn. We use conductivity-temperature-depth (CTD) transects, SeaSoar transects, and Lagrangian surface drifters to investigate mixing water masses during eddy formation, and conclude that, while local phytoplankton sources provide significant chlorophyll a (Chl a) to the eddy during formation, particles from other sources are likely to be important. We estimate the time scales of oxygen depletion and associated nutrient release. The eddy drives significant biogeochemical transformations important in modifying offshore nutrient budgets and ecosystem structure.
Materials and methods

Study area and data collection
The formation of an anticyclonic eddy of the LC, located west of Rottnest Island off Western Australia, was investigated over a 25 d period during May 2006 on the RV Southern Surveyor. Eddies are a recurrent, but not permanent feature of the LC, so sampling was planned for the period of formation during the autumn intensification of the LC (Cresswell 1991; Pearce 1991) . The operational area was from 308S-348S and up to 370 km (1128E) offshore of the southwestern Australian coast (Paterson et al. 2008 ; Fig. 1 ). The evolution of the anticyclonic eddy off the Perth Canyon was followed for the weeks prior to the cruise using remotely sensed sea surface temperature (SST) and sea surface height anomaly data (Paterson et al. 2008 (Paterson et al. , 2013 .
Along the ship track, continuous underway measurement of the horizontal current velocity field along the ships track was obtained using a vessel mounted RDI 70 kHz Ocean Surveyor Acoustic Doppler Current Profiler (ADCP) (Teledyne RD Instruments). The instrument was set to record from just below the surface to a maximum water column depth of 300 m and data were averaged in 8 m depth bins.
Between 02 May and 27 May, 120 CTD casts were performed across the eddy and in adjacent water masses using a Seabird SBE 911 Plus instrument with dual temperature and conductivity sensors and a Chelsea TGI fluorometer attached to a 24 3 10 L-bottle Niskin rosette. Maximum cast depth was to 500 m or to within 10 m of the bottom in shallower water. For some locations, CTD casts were performed to 1000 m. The rosette system carried a Wetlabs C-Star TM transmissometer, a Seabird dissolved oxygen sensor (SBE43) and transmissometer, used here as an indicator of fine particle concentration (Karageorgis et al. 2008) . Of the 120 CTD casts, 18 were primary production stations including measurements of particulate organic carbon (POC) and particulate nitrogen (PN), and 13 C carbon uptake (see below).
Underwater particles (>60 lm), which include phytoplankton chains and aggregates, detrital particles, and some zooplankton, were enumerated in situ using the Underwater Vision Profiler 4 (UVP4) (Picheral et al. 2010) . The UVP recorded images every 8 cm. To avoid light contamination, images deeper than 40 m were used for day profiles. Objects in each image were detected, sized, and enumerated on custom software (Picheral et al. 2010 ) based on the lateral scattering of light from a particle. Total number of pixels is converted to Equivalent Spherical Diameter. We present the data for small particles 60-550 lm. as volumetric particle concentrations (# L
21
) or as biovolume/water volume (ppm). Particle biovolume was converted to C content of large particles using the equations in Guidi et al. (2008) . We executed UVP casts to 1000 m or maximum depth. We also executed one high-resolution UVP transect along the N-S 113.328E line over 36 h on 22-23 May (Fig.  1E ). CTD drops (as above) to 500 m were executed every 20 km along this line; UVP drops were made to 1000 m.
Chl a measurements were made via filtration of 1 L of water (from up to 10 depths) on to GF/F filters and analyzed at sea (Parsons et al. 1984) . Dissolved inorganic nitrate (Nitrate and Nitrite, hereafter Nitrate) was analyzed for all depths using Quick-Chem TM methods on a flow injection LACHATV R instrument as per the following protocols for nitrate 1 nitrite (Quik-Chem TM Method 31-107-04-1-A; detection limit 0.03 lmol L
; adapted from Wood et al. 1967) . Dissolved oxygen concentrations from each bottle sample were also measured by automated Winkler titration on a Metrohm 765 Dosimat TM . SBE 43 electrode data were compared with chemically measured values via standard MNF protocols.
Primary production and POC and nitrogen
Water samples were collected every 3 d along the drifter tracks (see below) for measurement of carbon fixation rates within the water column. Samples were collected at night via a CTD-rosette system at the surface, the deep chlorophyll maximum, and below the chlorophyll maximum. Water was held in black carboys at 48C until the water was used in experiments at dawn. Before dawn (0500 local time), samples were transferred to 4-L polycarbonate incubation bottles equipped with a silicone septum cap. After filling the bottles with water, trace amounts of H 13 CO 3 (99 atom%, Cambridge Isotope) were added to each bottle with gas tight syringes. At dawn, experimental bottles were placed in acrylic incubators fitted with a flow-through seawater system. Bottles were shaded with individual neutral-density mesh bags to stimulate in situ light conditions for phytoplankton collected at various depths. Experimental bottles containing surface water were exposed to full sunlight. All experiments ran for 24 h and were terminated via filtration through a lowpressure (i.e., <10 psi) filtration on to 25 mm precombusted GF/F filters (0.7 lm pore size). Filters were folded into centrifuge tubes and frozen at 2808C until the end of the voyage. Ashore, all filters were dried at 608C, fumed with concentrated HCl to remove carbonates, and analyzed for isotopic composition via continuous-flow isotope ratio mass spectrometry using a Carlo Erba NC 2500 elemental analyzer coupled to a Micromass Optima mass spectrometer. We conservatively estimate that the overall analytical precision of our isotopic measurements is 6 0.1&. Comparison of POC and PN concentrations between water masses were executed via analysis of variance with water masses as the variable ANOVA (Sigmaplot V R v13). CO 2 -fixation rates were calculated using a similar isotope mass balance approach as described by Montoya et al. (1996) and applied in similar field experiments by Holl et al. (2007) where the ambient concentration of dissolved inorganic carbon was based on the in situ salinity and temperature of the water collected and used in our experiments at each station (Parsons et al. 1984) . Vertically integrated CO 2 -fixation rates were estimated for each station, and were calculated via trapezoidal integration with depth. To determine regional correlates with oxygen concentrations, multiple linear regression on untransformed oxygen, transmission, salinity, temperature, latitude, and longitude, using the regression package associated with Sigmaplot V R v13.
Surface-drifting buoys
Circulation of the LC and anticyclonic eddy was examined using two Iridium satellite-tracked, surface-drifting buoys (Fastwave Communications Pty Ltd). Each drifter was equipped with two sediment trap arrays, and 40 kg bar-bell weights at 245 m. This system has been shown to be effective in reflecting circulation within the upper mixed layer while minimizing influence of surface wind-driven transport . Drifters were set to report positions at 5 min intervals with an accuracy of 10 m.
Drifter 1 was deployed on 05 May 2006 within the LC north and slightly upstream of the meander (1148 39.97 0 E, 318 0.072 0 S). Drifter 2 was deployed to define the rotational circulation and current velocities within the eddy, (1) just within the eddy perimeter and (2) near the eddy center. The first deployment of drifter 2 was undertaken in the southeast margin of the eddy (1138 45.36 0 E, 328 50.098 0 S) on 07 May. The second deployment of drifter 2 was close to the eddy center at 1138 32.60 0 E, 328 48.708 0 S on 20 May. All drifters were retrieved and redeployed at 3 d intervals during which time full sampling at these locations was performed. Drifters were redeployed at the approximate position of retrieval.
SeaSoar transects
A modified SeaSoar (Waite et al. 2007b ) was used to generate two snapshots of shelf-break water column structure, one before SeaSoar 1 (SS1) and one after SeaSoar 2 (SS2) the eddy had closed off from contact with the shelf. Sensors included temperature, salinity, turbidity, oxygen, and fluorescence.
Results
Evolution of forming eddy
We used IMOS Ocean Current SST images to estimate the time scale for the initiation and closure of the meander Waite et al.
Oxygen, nitrogen and particles in a forming eddy (Period 1) for offshore flux calculations. We used an ADCP, UVP particle estimates, as well as POC and PN measurements from the Continental Shelf Water (CW) CTD cast and SS1 to estimate the offshore velocities and fluxes of nitrogen, carbon, and Chl a during Period 1. A weak LC instability is visible in SST data at 328S as early as mid-April, and the LC meander was fully visible by 29 April (Fig. 1A) , and shelf waters were flowing directly into the center of the meander (Fig. 1B) thereafter. The meander then curled northward, almost closing shoreward gap (Fig. 1C,D ), but the opening toward the shelf persisted until 14 May, making this the end of Period 1. After 14 May, (Period 2) the meander was closed on the landward side (Fig. 1E) , and the northern arm of the meander flowing offshore had met the southern arm of the meander as it returned shoreward, closing the center of the eddy off from direct connection with the shelf. Once closure of the meander isolated the eddy center, we used drifter tracks, and ADCP data to estimate the time and space scales of eddy rotation at three different distances from the eddy center. We made four separate estimates of oxygen depletion and nitrate release within the eddy based on (1) SeaSoar2 data, (2) CTD/UVP time series data along the drifter tracks (including particles, POC/PN, chlorophyll, dissolved nutrients, and oxygen) to estimate the rates of oxygen depletion and nitrate release within the eddy, (3) N-S CTD/UVP transect through the center of the eddy, and (4) pooled nitrate and oxygen data across the whole dataset.
Water mass characterization
As the properties of the LC and Subtropical Surface Waters (STW) can vary with season, year, and latitude, we characterized these two primary water masses from the temperaturesalinity (TS) plot of all stations sampled; the LC was the warmest water sampled, at the apex of the TS plot, and STW were the most saline waters sampled (Supporting Information Appendix 1); summary statistics appear in Table 1 . In TS space, CW and surface Eddy Center waters (EC) occurred in the mixing zone between LC and STW. Their boundaries were spatially determined; EC waters were sampled solely in Period 2, at the deepest pycnocline depth within the eddy center, while CW were a combination of Period 1 and Period 2 waters on the continental shelf in waters shallower than 1000 m. All particulate carbon and nitrogen concentrations were characterized by up to three production stations ( Table 1) .
The LC, sampled upstream of the meander at two stations in Period 1, showed warm temperatures (22.788C) and low salinity (35.39 psu) typical for this time of year, with relatively high silicate and nitrate values (Table 1) and chlorophyll accumulation of 50 mg m 22 , indicating local autumn bloom conditions. PN values were statistically similar to those in STW (below) and significantly lower than in CW or the Eddy Center (EC); Table 1 . Subtropical Waters (STW) originate offshore in the Indian Ocean, and are more saline (35.91 psu) and cool (19.578); they often subduct as a layer 100-200 m thick beneath the LC and slowly mix with it, making the LC more saline as it flows south (Feng et al. 2009 ). In our study these waters had the lowest particle concentrations regionally, and surface POC and PN concentrations, were statistically lower than CW and EC waters (Table 1) .
CW were sampled at the shelf break in the center of offshore flow during Period 1, and slightly eastward of this in Period 2. Based on a simple salinity analysis, we suggest that CW injected into the eddy center was composed of half STW, half LC and was therefore likely to be "modified Leeuwin Current" water resulting from mixing between the LC and near-shore waters over a period of weeks, during which chlorophyll concentrations can increase through near-shore primary production (Holliday et al. 2011) . Of note were the especially high large particle (UVP) concentrations in the CW (Fig. 2B ), which were almost double any other water mass, as well as very high carbon concentrations in the > 20 lm size POC fraction (Table 1) . The Eddy Center (EC), sampled in Period 2 only, showed some regional anomalies including high concentrations (here PN 1 nitrate) over 200 mmol m 22 which is almost double that of any potential source water mass (Table 1) . Surface PN was statistically higher than in the LC or STW, but similar to that of CW. The large particle concentrations measured as biovolume > 60 lm (UVP) and integrated with depth (Table 1) were strongly correlated with filtered carbon concentrations > 20 lm (n 5 11, p <0.001, r Period 1-open meander: CW station and SS1 CW were sampled at a CTD station on the shelf break 1000 m contour (black dot, Fig. 1B ). The water column was relatively well mixed to 100 m ( Fig. 2A) and a significant load large particles (>60 lm) peaked at 300 particles L 21 in at 100 m (Fig. 2B ). ADCP data indicated that the water was flowing strongly offshore (0.44 m s
21
) carrying this biogeochemical load in a north-northwesterly direction into the center of the eddy (Fig. 2C ). These waters also carried moderately high Chl a concentrations (up to 0.55 lg L 21 ), nitrate
), and silicate concentrations (2.5 lmol L 21 ) (see also CW, Table 1 ).
SeaSoar1 (SS1; 5 th May) transected CW flowing offshore in Period 1, 2 d after the CTD station above, while the center of the meander was still contiguous with the coastal shelf water mass (Fig. 1B) . SS1 was executed from S to N through the westward flow of CW across the shelf into the center of the forming eddy (308 58. to the continental shelf. The ADCP measurements show that the shelf water transected by SS1 was still moving offshore across a region about 40 km wide, with a westerly velocity of 0.3-0.4 m s 21 (Fig. 3A) and the two arms of the meander north and south of this water mass were moving meridionally (N-S) toward each other, the northern arm of the LC moving south at up to 1 m s
, and the southern arm moving north at up to 0.3 m s 21 (Fig. 3B) , suggesting that the two arms of the meander were drawing together; these high N-S velocities presaged the subsequent closure of the meander.
In the northern arm of the meander measured via SS1, LC waters were strongly stratified with warm surface temperatures (right-hand top of Fig. 4A) , and low salinity (righthand top of Fig. 4B ) typical of the LC. Between the arms of the meander, temperature, salinity, and chlorophyll in CW were more well-mixed over the top 100 m (Fig. 4A-C) . Chlorophyll fluorescence was relatively low (0.1 lg L
) in LC water entering the northern side of the meander, with a narrow subsurface fluorescence maximum of 0.15 lg L 21 at 45 m (Fig. 4C) . The central CW mass flowing offshore showed a broader subsurface fluorescence peak between 10 m and 60 m throughout.
Period 2-closed meander: SS2 and N-S CTD transect By 14 th May the north and south arms of the meander had met, forming a strong front in both velocity (SS2; Fig.  5A ,B), and water mass properties (SS2; Fig. 6A-C) as the meander closed on the shoreward (eastern) side. SS2 (21 st May) was thus conducted after the LC meander had closed off from direct contact with the shelf waters (Paterson et al. 2008) . SS2 was executed SE to NW across the two arms of the LC meander flowing offshore in the N and onshore in the S of the domain (Fig. 1D) . Flows offshore in the north arm of the meander were due northwest at 0.84 m s
, while the onshore flows in the (now adjacent) south arm of the meander reached 1.49 m s
, almost due northeast, thus at 908 to the northern meander. The complexity of the flow is simplified by superimposing the frontal line visible from the biogeochemical signatures ( Fig. 6A-C ; dashed black lines) as a region of minimum velocity between the NW and NE flow (dashed black line, Fig. 5B) ; this indicates the subsurface expression of the front between onshore and offshore flow which is discernable on the surface ADCP signatures).
We can then compare the water properties in the northern arm of the meander with the return flow 7 d later ( Fig.  6A-C ; for time estimate of the rotation, see drifter tracks below). Offshore flow was more stratified (in both temperature and chlorophyll; Fig.6A,B) , with higher oxygen concentrations (Fig. 6C ) than the returning onshore flow. The shoreward flow in the south arm of the meander was twofold to threefold higher in Chl a than the northern offshore flow, much lower in transmission (not shown), slightly cooler (Fig. 6A) , and slightly more saline at the surface. Between 80 m and 150 m, oxygen was significantly depleted in the shoreward return flow in comparison to the seaward flowing side of the meander (Fig. 6C ). The return flow had particularly low oxygen concentrations immediately around the q 5 25.5 density interface (Fig. 6C) .
The N-S CTD transect crossed through the eddy center in Period 2 (Figs. 1E, 7A-D) . Subtropical Waters (STW) formed a layer of high salinity under the CW in the center of eddy, with the highest salinities contiguous with the 208C isotherm (Fig. 7A) . Biogeochemical measurements indicated a spatial coherence of high nitrate and low oxygen signatures within the center of the eddy (Fig. 7B,C) , with oxygen depletion and nitrate release most extreme in the eddy center. Particle concentrations were highest in two layers, (1) within the mixed layer, and (2) in a clear maximum between the isopycnals q 5 25 and q 5 25.5 between 200 m and 300 m depth, just above the nitrate maximum (Fig. 7D, see [NO 3 ] 5 2 lmol L
, Fig. 7B ). These were also concentrated toward the center of the eddy. Isopycnals within the eddy were deflected downward to at least 1000 m depth.
Patterns in oxygen depletion emerging from complete dataset (Periods 1 and 2)
Multiple regression analysis on untransformed oxygen electrode data throughout the dataset elucidated variables that independently contributed to the variation in oxygen, indicating that longitude, salinity, and transmission were independent predictors of equal statistical weight (all parameters significant (p <0.001)). Data were not normally distributed, nor were variances homogeneous. We examined individual regression plots to confirm that there were no extreme outliers driving the regressions. The F ratio used in the ANOVA (or regression analysis) has been shown to be very robust to departures from normality (Eisenhart 1947), and (Box 1953; Box 1962) showed that most hypothesis tests are reasonably robust against heterogeneity of variance. A threefold difference in variances does not affect the probability of a Type I error. But most tests of equality of variances are very sensitive to departures from the assumptions and usually do not provide a good basis for deciding to proceed with hypothesis tests (Box 1953) . Minor deviations in homogeneity of variance and normality are therefore not a major concern in this application, as we are not specifically predicting O 2 from longitude or particle abundance or salinity. Instead, we are exploring the nature of these relationships to understand whether distance from shore (longitude) is related to O 2 independently of particle concentration and salinity. Oxygen concentrations were lowest in waters of relatively low salinity (therefore possibly associated with intrusions of LC waters), close to shore, where there were high particle concentrations (i.e., low transmission) ( Table 2) . The relationship was strongest between 150 m and 250 m depths, where salinity, transmission, and longitude together explained 67.5% of the variation in oxygen concentrations. In this depth layer, the coefficient for transmission and salinity roughly doubled while that for longitude halved in comparison to the relationship within the entire water column (Table 2) . Across all datasets, the relationship between nitrate and volumetric oxygen concentrations executed chemically from bottle casts revealed two separate relationships, one in the cooler waters (<188C) where oxygen concentrations rose to an asymptote of about 240 lmol L 21 at depth (Fig. 8A) occurred at a water density of q 5 25.4-25.5, just below a significant particle peak at a density of q 5 24.8 (Fig. 8B ) at temperatures of about 20-218C, collocated with, but slightly shallower than, the nitrate peak at about 208C, (Fig. 8A,B) . Overall, there was a striking physical coherence between low oxygen and high nitrate concentrations.
Drifter tracks
The three drifter tracks show cycling of the drifters around the eddy center (Fig. 9A-C) . Drifter 1, deployed in Period 1 in the LC, well north of the large meander, followed the LC and circled the eddy to the west, coming back toward the coast as the warm LC waters moved shoreward south of the meander at an average speed of 0.9 m s 21 and a distance of 150 km from the eddy center (Fig. 9A) . Drifter 2a was deployed across Periods 1-2 well within the perimeter of the eddy as defined by the 228 isotherm (Paterson et al. 2008 (Paterson et al. , 2013 and circled the eddy completely once, after which it seemed to be ejected from circulation and rejoined the main body of the LC flowing south (Fig. 9B ). This drifter travelled at an average speed of 0.7 m s 21 and remained 90 km from the eddy center. It was rescued once it neared the continental shelf, risking running aground (Fig. 9B) . In Period 2, Drifter 2b was deployed near the center of the eddy and circled part way around the center at 0.4 m s 21 remaining within 10 km of the eddy center (Fig. 9C) . It was recovered part-way through execution of the N-S CTD transect. Multiple linear regression indicated that neither temperature nor salinity showed any statistical change over the time of deployment of Drifter 1 as it followed the LC around the outside of the eddy (p 5 0.85; p 5 0.73, respectively). The slight apparent increase in surface salinity would have suggested dilution of LC water by 15% with STW, much lower than the 33% observed on the SeaSoar2 transect. Oxygen and Chl a fluorescence both increased somewhat with time 
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Oxygen, nitrogen and particles in a forming eddy (see below). Nitrate (and silicate, not shown) concentration decreases at the surface (<150 m) were also not significant (Fig. 10 , left three panels). Drifter 2a showed a warming surface layer that deepened as it moved around the inner perimeter of the eddy over 7 d (central panel, top row, Fig. 10 ). Oxygen concentrations decreased significantly with time, in a layer around and below 150 m depth, with a strengthening mid-depth nitrate maximum 150 m (Fig. 10 central panel, middle and bottom rows) correlated with similar patterns in silicate (not shown). Over the time period, the oxygen depletion and nitrate accumulation curves appeared to mirror each other to 200 m (see Table 3 ), but only oxygen changes with time were statistically significant, estimated via multiple linear regression as a decrease of 1-2 lmol L 21 d
21
. When integrated vertically, oxygen depletion along the track of Drifter 2a was linear with time (p <0.05) at 20.36 mol m 2 d 21 (Table 3 ; see below). In Period 2, Drifter 2b was deployed near the center of the eddy and circled part way around the center at 0.4 m s 21 before it was recovered part-way through execution of the N-S CTD transect. Oxygen and nitrogen concentrations in the eddy center remained steady with time, with oxygen 20 lmol L 21 lower, and nitrate concentrations 2 lmol L 21 higher, relative to measurements along the other drifter tracks (Fig. 10, right panel) .
Calculations of biogeochemical impact of the forming eddy
We use the multiple datasets presented here (SeaSoar transects, Drifters, and CTD stations and transects) to calculate the biogeochemical fluxes mediated by eddy activity: (1) offshore fluxes of carbon and Chl a in Period 1, and (2) oxygen depletion and nitrate release within the eddy from Period 2. Each dataset yields an estimate with different limitations and potential errors, but each is fully independent (Tables 1, 3 ).
Offshore fluxes
Closure of the eddy to the coast by 14 th May, indicates a period of 2 weeks during which CW directly entered the eddy center. Strong offshore currents (0.5 m s 21 toward the ) 5 C 1 a (longitude, decimal degrees) 1 b (salinity, psu) 1 c (% transmission). All three parameters contributed significantly to the regression. Overall, oxygen concentrations were lowest in waters of relatively low salinity, close to shore (with increasing longitude), and higher particle concentrations (decreasing transmission). Note: *All parameters a, b, and c are equally significant (p < 0.001) in each multiple regression analysis.
NW/NNW) carried relatively well-mixed CW into the meander; across the 40 km gap and integrated to 50 m depth this amounts to 2 Sv. The concentrations of POC (51.2 mg m 23 ) yield a flux estimate of 3.09 3 10 10 g of shelf carbon into the eddy over the 2 weeks of eddy formation. Upstream of the meander, the LC proper crossed the shelf flowing toward the southwest at this time, carrying warmer, fresher water offshore toward the southwest, a flux of about 4 Sv, then flowing around the outer perimeter of the meander, rejoining the southward flow at the shelf break 200 km further south. We therefore do not consider the LC per se can mediate net cross-shelf transport, despite significant particle loads within the LC. While CW was injected directly into the eddy (see below), LC waters would have needed to undergo mixing toward the eddy center to contribute their biogeochemical load there. The drifter tracks did not support such mixing; in fact, the ejection of Drifter 2a after one full eddy rotation suggested a slight surface divergence.
Primary production, oxygen depletion, and nitrate release Integrated primary production rates measured in the euphotic zone across the eddy increased toward the eddy center: Carbon uptake rates were 0.030 mol C m (Table 3) . Oxygen depletion and nitrate release between 50 m and 150 m depth were estimated independently from (1) the depth dependent time series of oxygen depletion along each drifter, (2) the difference in integrated oxygen load (per m 2 ) between offshore and onshore flow along the SeaSoar2 transect, and (3) the difference in integrated oxygen between eddy center and eddy perimeter from the CTD transect. The timeline for (2) was extrapolated from Drifters 1 and 2a, both of which indicated a 7 d rotation period, and the time line for (3) was the 2 week period since eddy isolation (Table 3) .
The clearest and best-resolved time line of net oxygen depletion occurred along the track of Drifter 2a moving along the inner perimeter of the eddy ( Fig. 10; Table 3 ). Examined with depth, there were oxygen minima at 120 m (ca. q 5 25.3-25.5), where higher oxygen depletion rates occurred (up to 3 mmol m Drifters 1 (LC) and 2b (Eddy Center) did not show significant oxygen depletion with time, but the difference between them points to a large net oxygen deficit in the eddy center, which is quantified further via the CTD transect data below. Seasoar2 revealed a doubling of Chl a fluorescence in the mixed layer suggesting net growth of phytoplankton over the 1-week rotation period. The depletion of oxygen at depth from 97% to 90% of saturation amounted to 10 lmol L 21 at 100 m. Spatially, this depleted layer formed immediately below the first major change in density with depth (the 0.01 dq/dz line in Fig. 6C ). The most profound oxygen depletion was centered around the q 5 25.4-25.5 density line, and associated with peak nitrate concentrations (see below), a contour shown to be spatially located immediately below a layer of large particles. The CTD line along the 113.68E line transected the eddy center. The lowest vertically integrated oxygen values regionally were found within the eddy center, and the distribution of large particles (60-530 lm, 5 0.06-0.53 mm) indicates an apparent accumulation of particles immediately above this layer. Maximum accumulation of particles of both sizes occurred just above contours of q 5 25, just shallower than the oxygen depletion and nitrate peak at q 5 25.4-25.5. Oxygen depletion to 500 m was about 0.15 mol O 2 m 22 d
21
(Integrations to 150 m given in Table 3 ). Across the whole sampling region, we mapped nitrate along the important q 5 25.5 density contour (Fig. 11A) , showing the highest integrated loads near the coast and in a plume moving offshore, with maxima near the eddy center. Particle concentrations across the region were mapped along the same contour, showing offshore maxima also associated with the eddy center (Fig. 11B) . Vertically integrated oxygen throughout whole water column showed a remarkable pattern, with oxygen depletion apparently following the historic track of the eddy from the coast to its current center (Fig. 11C) .
Discussion
Previous work has identified the potential importance of cross-shelf exchange in fueling the biomass, nutrient, and particle load of large mesoscale eddies of the LC forming at the shelf break off Western Australia (Paterson et al. 2008; Holliday et al. 2011) . These eddies are relatively long-lived (9-24 months; Waite et al. 2007b ) and can carry heat, salt, momentum, and biogeochemical signatures across large distances throughout the Indian Ocean (Chelton et al. 2011 ).
Here we estimated fluxes of shelf water and associated tracers as they were incorporated into a large anticyclonic feature while it remained physically contiguous with shelf waters. Once isolated from the shelf, we showed that measurable biogeochemical changes within the eddy were rapid (ca. 1 week). These included depletion of oxygen and generation of subsurface nitrate peaks within the eddy. Complete nitrification of organic matter injected from the shelf and upstream LC would contribute significantly to the eddy's productivity budget.
The initiation of the LC meander in late April allowed us to observe the LC meander open to the shelf, with the center of the eddy in direct connectivity with shelf waters during the period of 2 weeks during which coastal waters directly entered the eddy center. Silicate and nitrate concentrations were typical of shelf-modified LC waters (Holliday et al. 2012) where LC has mixed with STW, and nutrients have been on the shelf long enough to be taken up into Chl a (CW) and to be associated with high concentrations of large particles (>300 particles L 21 > 60 lm). The particles themselves are believed to be a mixture of live plankton and phytodetrital material, but primarily comprised of the latter (Gorsky et al. 2000) . The carbon content of the large particles represented about 30% of the total POC (see Guidi et al. 2008) in CW, suggesting that significant amounts of the particulate carbon in coastal waters was either large source particles (such as seagrass or macrophyte wrack) or was planktonic material packaged as aggregates or fecal pellets as the material moved offshore. Strong offshore currents toward the NW carried 2 Sv of CW into the meander; this seaward flux contributed 3 3 10 10 g C to the center of the eddy over the 2 week period of eddy formation. This is of the same order as earlier estimates of the total yearly offshore flux from three eddies over the season (Feng et al. 2007 ; 4-5 3 10 10 g C). Our data therefore suggest a total yearly cross-shelf flux closer to 10 3 10 10 g yr 21 , about double previous estimates. It is possible that the LC meander deposited some of its significant particle load (see, for example, Fig. 7D ) into the eddy via lateral mixing. Based on salinities (SS1), we estimate that the LC was progressively diluted 16% with STW (lying below the LC) as it moved around the eddy perimeter. However, lateral exchange with the eddy center is more difficult to calculate as the CW contributing most to the eddy core already contains a large fraction of LC water from the shelf. Paterson et al. (2013) showed that the picoplanktonic community in the eddy center was distinct from that in the LC, with a strong salinity boundary around the eddy perimeter, suggesting isolation from the LC on the scale of days. This, and the lack of any measurable convergence in Drifter 1 (LC) or Drifter 2a (eddy internal perimeter) toward the eddy center as they rotated, suggest very limited lateral exchange between the LC and the eddy center (EC).
At the same time that CW was flowing offshore into the eddy center, the LC meander itself was starting to pinch off, with LC waters moving both strongly southward from the north, and northward from the south (see arrows Figs. 3B, 4A), the velocities meeting at a strong velocity front in the center of the offshore flowing CW. The biomass injected into the eddy center was thus isolated from the coast by 14 th May, when the southern arm of the meander closed northward near the shelf break. Several independent lines of evidence support the physical isolation of the eddy center from the shelf after this date. SS2 data indicate that a strong velocity front (and biogeochemical front) between the N and S arms of the closed eddy, with offshore flow occurring immediately adjacent to onshore flow, near the shelf break. The quasi-circular tracks of Drifters 2a and 2b, both remaining a constant distance from the eddy center, suggests their physical isolation from the coast. Drifter 2a completed an entire revolution of the eddy and returned to the position where it had been deployed, before being ejected from the eddy. If anything, this latter observation suggests a slight surface divergence of the flow radially outward from the center of the eddy.
The overall picture suggests a productive surface LC water mass (to 200 m) circling the outer perimeter of the eddy, with waters beneath the euphotic zone not showing major biogeochemical changes with time. In contrast, inside the eddy perimeter the drifter showed a significant deepening of isopycnals with time associated with similar slopes of deepening nitrate and oxygen contours with time. Two possible explanations for this deepening exist-(1) the drifter was moving physically toward the eddy center, or (2) the eddy itself was deepening with time. We favor the latter explanation, given the consistent diameter of the drifter track, and the physical stability of the water column around the outer perimeter. The most significant change along the time series was the overall depletion of oxygen along the drifter track. The eddy center displayed no measurable changes with time in oxygen, nitrate, or physical structure, but its properties (see Fig. 10 ) suggested that oxygen depletion and associated nitrate release had occurred there since eddy formation. A layer of large particles was spatially contiguous with the coast in the early stages of eddy formation, and were later seen deep within the eddy, physically associated with the oxygen minimum and shallow nitrate peak along the q 5 25.5 density interface; across all datasets the center of the eddy had the most profound oxygen deficit. Overall, then, we used the eddy center as an end point to our calculation of modifications in oxygen and nitrate in time and space. This was summarized further in Table 3 and below.
Could local primary production account for carbon accumulation at the surface that could support the observed rate of oxygen depletion at depth? Our estimates of local carbon uptake rates suggest not. Primary production rates (maximum of 0.10 mol C m Table 3 ). Even a very high F-ratio for this system (0.5) would suggest an absolute maximum of 30% of the depletion could be supported by locally produced surface carbon sources.
Our evidence supports the hypothesis that particles sourced from the coast and exported during eddy formation could support subsequent oxygen depletion and nitrate regeneration within the eddy. If the 1 3 10 11 g C exported across the shelf over the period of eddy formation were delivered into the eddy center, this would have contributed about 0.01-0.1 mol m 22 (for uniform particle delivery across eddy diameters of 200 km vs. 50 km, respectively) to the eddy carbon budget. We therefore conclude that CW injection of particulate matter into the warm core eddy is likely to have contributed about half of the oxygen demand and nitrate release we observed. This highlights the capacity for cross-shelf transport via mesoscale eddies to modify oceanic nutrient budgets, and to contribute significantly to production peaks moving seaward as the eddy matures. As indicated, the estimated potential impact depends critically on assumptions about the eddy diameter across which particles are distributed and/or concentrated as they enter the eddy system.
Regionally, the best predictors of the strength of low oxygen, high dissolved nitrogen layers (LDOHN, sensu Thompson et al. 2011) in our study were salinity, turbidity, and longitude. This indicates that there are broader regional sources of variation in oxygen that are oceanographically predictable. We interpret longitude as an effect of distance from shore, for example, suggesting that lowest oxygen concentrations are likely to occur near the coast. Transmission as a predictor would suggest regional association of low oxygen with higher particle concentrations, often maximal near the coast as well as below the LC. The low salinity association is likely to be related to the dynamics of the LC, itself the primary source of lower salinity water regionally. Finally, the marked increase in the correlation coefficient and the parameter estimate at depths between 150 m and 250 m confirms that oxygen depletion is most predictable between the 150 m to 250 m depth interval, and that within this depth interval it is less variable with distance from shore, and more dependent on local salinity and transmission at this depth. In essence, the analysis identifies this depth range as an important location for particle-mediated oxygen draw-down. LDOHN layers are thus largely confined to specific subsurface regions, below the mixed layer and above the deep STW layer, and the association of low salinity waters with particle-rich waters near the coast yields most oxygen depletion regionally at depth. This confirms the role of particle trapping on density surfaces. Eddy dynamics apparently act to focus, isolate and move these LC, and CWsourced particles offshore.
The depletion of oxygen, and release of nitrate, within the eddy on the timescale of 2 weeks also suggests a more local source of nitrogen (N) than has recently been proposed for the LC (Thompson et al. 2011) ; this earlier work suggested that the nitrogen in LDOHN layers could be sourced far upstream, possibly in low latitude waters north of Australia. Our calculations suggest that, based on the estimates of oxygen depletion and time scale of eddy formation, particles carrying the N should originate less than 500 km away. We confirm our earlier conclusion that N supply and N turnover are, in fact, very rapid in this system, such that nitrate is acting primarily as a regenerated nutrient in the mixed layer rather than as a source of new nitrogen originating at depth.
